Introduction
A high level of inflation is costly for any economy, especially for emerging countries, where historically inflation has been more difficult to control than in industrial countries. Among other factors, this outcome is a consequence of the greater influence of exchange-rate fluctuations, food and commodity prices volatility and the uncertainty of agents concerning inflation expectations. Nevertheless, to properly analyze inflation, it is important to focus not only on its level, but also on its volatility. In general, a volatile inflation is also costly, as it causes more uncertainty about the future level of inflation, which distorts the allocation of resources. Moreover, the more persistent volatility is, defined as the impact of past volatility on current volatility, the higher the costs of a volatile inflation are.
1 All in all, given the relevance of inflation control for emerging economies, the assessment of the impact of any new monetary policy development on inflation, inflation volatility and persistence becomes crucial.
In this context, an increasing number of developed and emerging countries have adopted We propose to use a model of the GARCH family to fit inflation dynamics and to make an assessment of the performance of IT mechanisms in Latin America. Specifically, in this paper we use the Quadratic STructural ARCH (Q-STARCH) model with seasonal effects proposed by Broto and Ruiz (2008) generalized to allow for the presence of interventions to quantify the effects of the introduction of IT on the mean and the variance of inflation.
This model nests four characteristics that are highly relevant for the analysis of inflation series, namely, (1) it distinguishes between inflation dynamics in the short-run and in the long-run; (2) as the model is a member of the GARCH family, the volatility dynamics can 3 be fitted and, therefore, (3) the model allows to quantify certain volatility characteristics such as persistence or asymmetry, defined as the different response of volatility to shocks of different sign. Finally, (4) the model is generalized to include dummy interventions to quantify the reduction in the average inflation and volatility of IT countries. That is, from the technical point of view, the use of this specific model improves previous empirical papers by assessing the role of IT in these four directions simultaneously.
In this paper we study inflation dynamics of eight Latin American countries, both inflation targeting and non-targeting, by fitting the proposed Q-STARCH model to both groups of countries. Our objective is to detect possible benefits associated with the adoption of formal IT mechanisms in terms of lower level and volatility of inflation, once the lower rate of inflation that has taken place across the region during the last years is controlled for in the model. The results obtained after model estimation constitute a relevant outcome to make an assessment of the performance of IT in these economies. Although we consider eight countries, our approach is essentially univariate. The study of common dynamics of inflation and volatility by means of a multivariate model is well beyond the scope of this paper. Also note that this paper does not cover causality issues. Thus, as stated by Mishkin and Schmidt-Hebbel (2002), the adoption of IT is an endogenous choice, so that finding a better performance of the economy associated with IT, for instance, in terms of lower level and volatility of inflation, may not imply that IT causes this better performance.
The paper is organized as follows. Section 2 reports a preliminary description of the inflation series of the eight Latin American countries analyzed. Section 3 presents the proposed baseline model for the empirical application, the Q-STARCH model with seasonality. Then, in Section 4 we estimate this model for the inflation series and also for the pre-targeting and the after-targeting subsamples of the five IT countries. Afterwards, we generalize our baseline model by including level shift (LS) dummies in both the conditional mean and variance equations. Finally, Section 5 includes a summary of the main empirical findings and concludes the paper.
2 Inflation in Latin America
In this section, monthly inflation series of eight Latin American countries are preliminarily analyzed. Inflation is measured as the first difference of the monthly non-seasonally adjusted CPI, that is, y t = 100 × log(CP I t ). As mentioned in the introduction, the sample consists of the five countries with explicit IT mechanisms in the region (Brazil, Chile, Colombia, Mexico and Peru) and three non-targeting countries of the region (Argentina, Ecuador and Uruguay). 
The transitory and long-run disturbances are defined by
t , respectively, where ε † t and η † t are mutually independent Gaussian white noise processes and h t and q t are defined as QGARCH process given by the following expressions
where the parameters α 0 , α 1 , α 2 , α 3 , γ 0 , γ 1 , γ 2 and γ 3 satisfy the usual conditions to guarantee the positivity and stationarity of h t and q t ; see Sentana (1995) . Finally, the 7 disturbance of the seasonal component is assumed to be a Gaussian white noise with variance σ 2 ω independent of ε t and η t . Under the assumption of Gaussian white noise disturbances ε t and µ t , model (1) reduces to the local level model with seasonal dummy variable.
Note that, at the moment, there is no commonly accepted model in the empirical literature for inflation and, in most specifications, the model is based on capturing a few empirical characteristics of the series. The Q-STARCH model is particularly useful to quantify the effects of implementing IT as it is rather parsimonious and nests some of these stylized facts. For instance, the Q-STARCH model can differentiate between the dynamics in the short and in the long-run, as it is based on an unobserved components model. The Q-STARCH model also constitutes a useful tool to study the fulfillment of the Friedman hypothesis (Friedman, 1977) , which is tested in our setting by considering an asymmetric GARCH specification for the disturbances of each component. 6 According to this hypothesis, a positive inflation shock would lead to a greater effect on future inflation volatility than a negative one. In other words, "bad news", or higher inflation in our context, have bigger impact on future volatility than "good news", or lower inflation. This asymmetric effect is also known in the financial literature as "leverage effect". The identification is present in the data and inflation rate lowers, the inflation uncertainty reduction will be more acute, with is an important policy implication. Note that the model defined by (1) and (2) is able to capture these asymmetric ARCH effects in the permanent and/or in the transitory component. That is, the conditional variances in (2) have different responses to shocks of the same magnitude but different sign, so that parameters α 3 and γ 3 will be used to test the fulfillment of the Friedman hypothesis.
Although y t is non-stationary, it can be transformed into stationary by taking seasonal differences. The stationary form of model (1) is given by
where s and are the seasonal and regular difference operators given by
The reduced form of model (1) is an MA(s) model, see Harvey (1989).
The estimation procedure will be based on a quasi maximum likelihood (QML) estimator, as in Harvey et al. (1992) . Broto and Ruiz (2006) demonstrate that QML is appropriate to estimate this type of models. Note that even if ε † t and η † t are assumed to be Gaussian processes, Q-STARCH models are not conditionally Gaussian, since knowledge of past observations does not imply knowledge of past disturbances. Thus, the QML estimator is based on treating the model as if it were conditionally Gaussian and running the Kalman filter to obtain the one-step ahead prediction errors and their variances to be used in the expression of the Gaussian likelihood given by
where ν t , t = 1, ..., T are the innovations of the Kalman filter and F t their corresponding variances. The QML estimator, Ψ, is obtained by maximizing the Gaussian likelihood in (4) with respect to the unknown parameters. Before the likelihood in (4) is computed, the Kalman filter also requires analytical expressions of the conditional variances of the disturbances ε t and η t in terms of Ψ, that we denote as H t and Q t .
4 Empirical analysis
As a preliminary step, we fit model (1) with homoscedastic disturbances to each inflation series to test for the presence of conditional heteroscedasticity in the Latin American series of inflation. 7 In all countries but Brazil, Mexico and Ecuador, the signal to noise
ε , is less than one, which means that, in most countries, volatility in the transitory, or short-run component, is higher than in the permanent one. As expected, summary statistics for the estimated innovations, ν t , strongly suggest the presence of conditional heteroscedasticity as severe excess kurtosis is still present and Ljung-Box statistics for the squared residuals, Q 2 (τ ), are significant. This evidence suggests that the baseline Q-STARCH model is a better choice to capture this empirical regularity, instead of the local level model of (1) (1) with heteroscedastic disturbances defined in (2).
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As expected, GARCH parameters are highly significant. Volatility persistence estimated 7 Estimation of the homoscedastic local level model has been carried out in the program STAMP 6.20 (see Koopman et al. (2000) ) and is available upon request. 8 For the sake of brevity, results on these differences are not included in the text but are available upon request. 9 All these estimations have been carried out using our own FORTRAN codes, which are available upon request.
through the QGARCH specification is defined asγ 1 +γ 2 for all countries except for Colombia and Uruguay, where it isα 1 +α 2 . Volatility persistence is very close to the maximum of one in all countries and runs from the minimum of Brazil (0.87) to the maximum of 0.99
for Chile, Peru and the three non-targeting countries. This means that inflation volatility is quite persistent, although, on average, it is higher in non-targeting countries. Asymmetry parameters,α 3 andγ 3 , are positive and significant for all countries but for Ecuador and
Uruguay. Thus, a positive inflation shock has a higher impact on future volatility than a negative one, which confirms the fulfillment of the Friedman hypothesis in the IT countries and Argentina. This results also indicates the presence of a positive link between past inflation and uncertainty about future inflation in these counties. The policy implication is that authorities of these countries have incentives to lower inflation rates to further reduce the costs of a volatile inflation. Summary statistics for the estimated innovations ν t presented in Table 4 show that innovations still exhibit excess kurtosis but, in general, Ljung-Box statistics are not significant. Table 4 also reports estimates for the pre-targeting and the after-targeting period as a first approximation to disentangle the main differences in inflation volatility dynamics of both subsamples. IT adoption seem to coincide only in Peru, Chile -that adopted an explicit IT framework in September 1999-, and Mexico. In Colombia, volatility reduction occurred before IT adoption, whereas in Brazil the adoption of IT was followed by an increase of volatility that coincides with the exchange rate depreciation of 2002.
Measuring the effects of IT on the level of inflation
To properly analyze the impact of the introduction of a formal IT mechanism, it is important to account for possible breaks in the level and volatility of inflation. 
where w t represents a LS intervention variable in the level of inflation and λ L is its corresponding coefficient. The intervention w t takes value 1 from the moment of the adoption of the explicit IT framework in t IT onwards, that is, during the after-targeting period. Thus, w t is given by
Alternatively, w t could have been specified as an innovative outlier (IO) in the transition equation. Expression (5) simplifies to (1) when w t = 0, that is, when the inflation level is independent of the adoption of an explicit IT. To design w t , we impose regime changes on 12 a priori grounds for each country. That is, we use the own date of adoption of the explicit IT as t IT , and no structural change test is performed prior to estimation. The conditional variance equations are equal to (2). The estimation procedure is practically the same as for the baseline Q-STARCH model, except for a minor modification in the state vector. Thus, for quarterly data (s = 4), the measurement and transition equations needed to design the Kalman filter and obtain QML estimates are, respectively, given by 
where the dynamics of λ L imply the constancy of the coefficient. The state vector is augmented by lags of µ t in such a way that the Kalman filter gets estimates of the unobserved disturbances. Table 5 reports, for the full sample, the estimates of model (5) with heteroscedastic disturbances defined by (2) and summary statistics for the innovations. The estimates are denoted in Table 5 as LO (Level Outlier). Consistently with a reduction in the mean level of inflation after the adoption of an IT framework,λ L is negative and significant in Chile, Colombia and Mexico. In particular, the biggest estimate for the level dummy variable coefficient corresponds to Chile withλ L = −1.43. This outcome is rather intuitive as Chile was the first country of the region in adopting an IT mechanism. Besides, as reported in Table 2 , in this country the mean difference between the pre-targeting and the after-targeting period is rather similar to this estimate. In Peru,λ L is positive and not significant, whereas in Brazil,λ L is not significant either. Note that in Peru and Brazil the differences of mean between both periods, as showed in Table 2 
Measuring the effects of IT on inflation volatility
The empirical evidence suggest that the omission of regime changes in the conditional variance equation specification of a GARCH type model may lead to overestimate significatively the degree of persistence than actually exists; see, for instance, Lastrapes (1989). This fact has important implications in terms of understanding the effects of a specific monetary policy, like the implementation of a formal IT mechanism.
Our empirical strategy is also to introduce dummy variables in the conditional variance of the chosen Q-STARCH specification, once we have identified the dates of structural breaks in inflation volatility. This exercise is related with the work by Aggarwal et al.
(1999) on emerging stock markets, but we use a different baseline model and maintain the specification of the LS outliers in the measurement equation, as in previous subsection.
The dummy variables of the conditional variance are going to account for the effects of possible regime shifts on volatility. Its introduction in the model is relevant, not only for policy-makers to interpret more precisely the impact of IT in variance dynamics, but also from the technical point of view, as, theoretically, volatility persistence is overestimated when standard GARCH models are applied to series with underlying changes in variance.
Thus, ignoring those breaks in the conditional variance equation may cause a substantial overestimation of α 1 + α 2 (or γ 1 + γ 2 , if the permanent component is heteroscedatic), as shocks to volatility are extremely persistent in GARCH models.
Testing for structural breaks in variance
To formally detect breaks in inflation variance, we apply the iterated cumulated sum of squares (ICSS) procedure introduced by Inclán and Tiao (1994) (henceforth I&T ) to the residuals of the estimates of model (1) 
where D k follows
and C k = 
12
Once we apply the ICSS procedure to the residuals of inflation series of the IT countries, we do not identify any break in the inflation variance of Brazil, whereas we detect one break 11 Under variance homogeneity, the critical value of ±1.36 is the 95th percentile of the asymptotic distribution of max k T /2|D k |. 12 We calculate the modified ICSS algorithm using the GAUSS procedures available from Andreu Sansó web page http://www.uib.es/depart/deaweb/personal/profesores/personalpages/andreusanso/we. We thank David Rapach for providing the modification of the code appropriate for sample sizes up to 7000 obser- Table 4 show that IT helped to avoid a more persistent inflation uncertainty.
Model estimation
Once we have identified the breaks in the inflation volatility of the five inflation targeting countries, we introduce these breaks in the corresponding conditional variance equation.
The main objective is to analyze the implications of the adoption of an IT regime in terms of volatility reduction. We focus on the study of the direct effect of a LS outlier on the intercept of the conditional variance equation.
13
This generalization of the Q-STARCH model is relatively straightforward, and it consists on considering model (5) with disturbances following these expressions
where w t is a LS outlier defined by (6), and λ 13 We have also analyzed interventions in the asymmetry parameter, α 3 or γ 3 . The interpretation of these results did not change significatively with respect to the proposed additive dummy and they are available upon request.
Before estimation, we reparameterize the conditional variances of the unobserved innovations to guarantee the positivity of h t and q t , as proposed by Sentana (1995) for the QGARCH (1,1) case, in the following way
where α 0 = a 0 + a Table 5 for the Q-STARCH specification with LO interventions. After controlling for possible breaks in variance, persistence of inflation volatility is lower only in Peru, which is the only case consistent with Lamoureux and Lastrapes (1990). That is, according to these estimates, the adoption of a formal IT regime has reduced long-run uncertainty persistence in Peru.
Nevertheless, and contrary to the results reported in Table 4 for the pre-targeting and after-targeting subsamples, there is not a strong evidence of volatility persistence decrease after controlling for volatility breaks in the remaining countries. Even in Colombia, volatility persistence increases due to the specification change of the heteroscedastic component. Note that in the LO+VO model estimates of Peru, λ L becomes negative and significant, contrary to the estimates of the LO model. Table 5 also reports the LRT statistics for the null of H 0 : λ V = 0 against the alternative that this parameter is different from zero. We find strong evidence of structural change in the variance of Chile, Mexico and Peru, whereas we cannot reject the null in the case of Colombia. Finally, we also test for the joint null of H 0 : λ L = λ V = 0, where results are similar to previous test. That is, although the evidence in favor of the reduction in volatility persistence is conclusive just for the case of Peru, this latter test confirms a better fit of the model with interventions in the variance equations.
Conclusions
This paper analyzes inflation dynamics in eight Latin American countries, both targeting and non-targeting, to disentangle possible benefits associated with IT in terms of lower level, volatility and volatility persistence. The chosen model for the empirical application is the Q-STARCH model with interventions, as it is rather parsimonious and nests certain empirical characteristics of inflation series. Moreover, the model accounts for conditional heteroscedasticity of inflation and it can distinguish between the dynamics in the long-run and in the short-run. Besides, as the conditional variance specification is an asymmetric GARCH model, the fulfillment of the Friedman hypothesis can be tested. Finally, the introduction of interventions in the model, both in the level and volatility of inflation, allows to control for the impact of IT on inflation and inflation volatility dynamics.
In general, the outcomes support the view that IT has associated gains in terms of lower inflation level and uncertainty, which suggest an independent role for formal targets. In this sense, IT adoption has implied additional benefits for macroeconomic stability in these countries, apart from the gains related to the global inflation moderation of the last years. These results have important policy implications for this set of Latin American countries, as IT adoption is associated with lower inflation and inflation volatility. Nevertheless, these conclusions need to be further qualified. First, as our paper does not cover causality issues, IT might be associated with lower inflation level and volatility, but this not implies that IT causes this better performance. Second, this paper does not deal with the issue of inflation expectations, which is another limitation of the paper. The effect of IT on inflation expectations is also controversial in the empirical literature, but it is out of our scope. 
